Neurons in the human adrenal medulla, stained by the NADH-diaphorase reaction, were counted and their neurochemical markers were investigated by double labeling immunofluorescence with special reference to substance l? The findings indicate a significant participation of intramedullary nerve cell bodies in human adrenal innervation with 40.4 neurons/mm3 a d r e d medulla. Substance Pimmunoreactive neurons, which made up approximately 20% of all neurons, exhibited heterogeneity by co-localization of immunoreactivities for dynorphin, for cholecystokinin, and for neurofiiament triplet. Substance-Pimmunolabeled neurons were always nonreactive for calcitonin gene-related pep-
Introduction
It is generally accepted that the endocrine cells of the adrenal gland, in addition to an extrinsic innervation, receive an intrinsic innervation by intra-adrenal neurons (1) . A first report of the occurrence of nerve cell bodies (ncb) in the human adrenal medulla (2) was followed by descriptions of neurons in human adrenal subcapsular, cortical, and medullary locations (1,3,4) that were recognized as being particularly numerous compared with other species ( 5 ) . Medullary neurons in the mammalian adrenal gland were shown not only to innervate medullary chromaffin cells (1) but also to project to the cortex (6,7), approaching secretory cells and blood vessels (8) . Such neurons were proven to contain catecholamines (9) or acetylcholine (ACh) (10) by demonstration of the respective synthesis enzymes. They were assumed to be targets ofpreganglionic nerve fibers from the spinal cord (10, 11) and from the parasympathetic dorsal nucleus of the vagus, respectively (1 1,12) .
Previous immunohistochemical investigations of mammalian adrenomedullary neurons revealed the intraneuronal presence of neuropeptides, such as substance P (SP) (13-16). Substance P is uti-' Supported by the German Research Foundation, grant He 91917-2.
Correspondence to: Prof Dr. Med. Christine Heym, Inst. for Anatomy and Cell Biology, U. of Heidelberg, Im Neuenheimer Feld 307,69120 Heidelberg, Germany. tide, for vasoactive intestinal polypeptide, or for tyrosine hydroxylase, the rate-limiting enzyme of catecholamine synthesis. These chemical phenotypes of intramedullary neuglionic neurons in parasympathetic ganglia or with enteric neurons, suggesting a hitherto unrecognized functional significance of the intrinsic nervous system in the human adrenal gland. (J Histochem Cytochem 44369-375, 19%) KEY WORDS: Adrenal medulla; Human; Immunohistochemistry; Neuropeptides; Cholecystokinin; Dynorphin; Neurofilament; Substance P Tyrosine hydroxylase. LOUS reveal immunOhistochemical similaritia with P t plized not only by the afferent (17) but also by the efferent postganglionic autonomic pathways (18J9). The pathway-specific functional implication of a neuron is known to be associated with its characteristic plurichemical coding (20) in a highly species-dependent manner (21) . The distinction of particular chemical markers permits greater refinement in the analysis of intra-adrenal neuronal circuitry. Therefore, a detailed chemical characterization of SPimmunoreactive (ir) intramedullary ncb in the human adrenal gland was attempted in the present study by double labeling immunofluorescence. Specific antisera were applied for various peptides and proteins that have previously been described in neuronal tissue to be co-localized with SP ( Table 1) . Although SP in intra-adrenal neurons of the guinea pig immunohistochemically CO-occurs with the synthesis enzyme of acetylcholine, choline acetyltransferase (unpublished observations), the antibody available did not recognize cholinergic structures in the human nervous system. Respective investigations were therefore unsuccessful. In search for the functional significance of the observed neuron populations, the findings were compared with descriptions of chemical markers of nonadrenal neurons at different locations, assumed to be derived from the neural crest close to the sites of the adrenal anlage (22) . For quantitative estimation of the ncb number, the NADH-diaphorase reaction, as a pan-neuronal histochemical marker (23). was applied. This reaction yielded optimal visualization of intramedullary ncb among nonstained chromaffin cells, whereas immunohistochemical mark- ers, such as neuron-specific enolase or protein gene product 9.5, did not permit a precise distinction between neuronal a n d chro-m&n tissue (24).
Materials and Methods
Human adrenal glands were obtained as follows. Eight adrenal glands were collected from bilateral en bloc nephrectomy preparations directly after dissection from four patients ( Table 2 ). Four adrenal glands and four thoracic paravertebral ganglia (T3-T6) were obtained from autopsies not more than 2 hr post mortem from four patients ( Table 2 ). The adrenals served as additional specimens for nerve cell counting, and the paravertebral ganglia were used for demonstration of nonadrenal sympathetic postganglionic neuron populations. A11 specimens were cut in I-mm slices and immersed in 4% paraformaldehyde in 0.1 mollliter PBS at pH 7.4 for 24 hr. After several rinses in PBS, tissues were kept overnight in PBS containing 30% sucrose for cryoprotection, embedded in Tissue-tek (Miles; Elkhart. IN), rapidly frozen in liquid nitrogen, and cut serially at 12 pm by a cryostat.
To examine the co-localization of two antigens, antisera raised in different species (Table 1) were applied to 12-pm cryostat sections. After immersion in PBS containing 10% normal swine serum and 0.5% Tween 20 for 1 hr, the sections were incubated overnight at 4°C with a mixture of two primary antibodies from different species. After several rinses in PBS, species- Diisseldorf, Germany specific secondary antibodies were applied, each for 1 hr at room temperature with intermittent PBS rinses. A first incubation with biotinylated horse anti-mouse or anti-rat IgG (1:50; Amersham-Buchler. Braunschweig. Germany) was followed by a second incubation with a mixture of streptavidinlCy3 (1:50; Dianova, Hamburg, Germany) for detection of the primary antibody raised in mouse or rat, and fluorescein isothiocyanate (FITC)-conjugated donkey anti-rabbit IgG (1:40; Sigma, Deisenhofen, Germany) for visualization of the antiserum raised in rabbit. After three washes in PBS, sections were covealipped with carbonate-buffered glycerol (pH 8.6) and examined with a Polyvar microscope equipped for epifluorescence with the appropriate filter systems for selective demonstration of FITC and Cy3.
The specificity of the immunohistochemical staining was confirmed by replacing the primary antiserum with preimmune serum and by using diluted antisera preabsorbed with the respective antigen (50 pg/ml antiserum) (16) . No immunostaining was observed under these conditions.
The nicotinamide adeninedinucleotide-diaphorase (NADHd) reaction was performed by incubation of the sections in a medium consisting of 1 mM NADH (Biomol; Hamburg, Germany), 0.2 mM nitroblue tetrazolium (Serva; Heidelberg, Germany), and 0.2% Triton X-100 in 0.1 M Tris-HCI (pH 7.3) for 20-60 min at 37°C. The reaction was stopped by rinsing the slides in ice-cold PBS.
Cell counts were performed on a total of 141 cryostat sections (30-pm thickness) of six different regions from each of seven adrenal glands. The randomly selected sections were at least 150 pm apart, thereby obviating overlapping cell counts. Medullary areas were measured micrographically using an eyepiece reticule with an object lens of x 4 and a numerical aperture of 0.12. Multiplication of the measured medullary area by the section thickness (30 pm) yielded the volume of the medullary portion of each adrenal section investigated. The absolute number of intramedullary neuronal profiles of each section was counted and divided by the calculated volume of the respective section (number of ncblmm'). The variably sized somata (30-60-pm diameter) at their most were scattered singly throughout the adrenal medulla. occurring frequently in same medullary extensions and sparing other regions. Clusters of 3-20 ncb were also observed. Quantification of NADHdstained neuronal perikarya in the human adrenal gland revealed an average number of 40.4 ncb/mm3 adrenal medulla 2 18.3 SD. Ages and genders of patients whose adrenal glands were used for ncb quantification were correlated with the average number of ncblmm3 adrenal medulla ( Table 2 ). No genderor age-related differences in the number of ncb were observed, nor was there a difference in ncb numbers of autopsy-derived or surgically dissected adrenals.
Results

Secretory cells of t h e adrenal cortex, particularly in t h e zona
A considerable number of NADHd-positive ncb in the human adrenal medulla (-20%) were SP-ir (Figures 2-5). Subsets of intramedullary SP-ir neurons ( Table 3 ) exhibited dynorphin (DYN) (Figure 2 ). cholecystokinin (CCK) (Figures 3a and 3b ). or neurofilament (NF) immunolabeling ( Figure 4 ). CCK immunoreactivity was visible also in neurons that were nonreactive for SP (Figures 3c and  3d ). Sp-ir ncb were never immunoreactive for TH or vasoactive intestinal polypeptide (VIP) (Figures 5 and 6 ). No ncb immunoreactive for calcitonin gene-related peptide (CGRP) were observed in the human adrenal medulla.
As a rule, SP-ir as well as SP-nonreactive ncb were associated with SP-ir nerve fibers (Figures 2-7 ). SP-ir beaded fibers were associated with VIP-ir ncb (Figures 6a and 6b ). On the other hand, VIP-ir beaded fibers were visible close to SP-ir ncb (Figures 6c and 6d) . The human adrenal medulla was interlaced by a dense network of CGRP-ir nerve fibers, some of which revealed co-localized SP immunoreactivity (Figure 7) . whereas intra-adrenal ncb never exhibited CGRP immunolabeling.
No differences in immunoreactivity to the applied antisera were observed with regard to age. gender of patients, or source of the respective adrenal glands (surgery vs autopsy).
Human thoracic paravertebral ganglia that are known to derive from the sympathoadrenal cell lineage were investigated for the occurrence of SP-ir neurons in search of a possible chemical relationship between sympathetic and intra-adrenal SP-ir nerve cells. However, SP-ir ncb were not detected in human sympathetic thoracic ganglia. Conversely, these ganglia contained many CGRP-ir ncb (Figure 8 ).
Discussion
Although intra-adrenal neurons have been previously demonstrated in human (4) and rat (13) , cell counts have not been performed as yet. When gender and age of the respective patients, as well as the source of the respective adrenal gland, are correlated with the number of ncb/mm3 medullary tissue, these variables do not appear to have a significant influence on the number of ncb ( Table  2 ). although the number of adrenal glands used for ncb quantification may be not high enough to permit a final statement regarding the influence of these parameters on ncb numbers. The numbers of ncb obtained in this study may represent the visible proportion of an even greater number of medullary neurons, because some faintly stained cell profiles may have escaped recognition. I t certainly points to an unexpectedly significant participation of intrinsic neurons in human adrenal innervation.
Our immunohistochemical results provide the first indication of a hitherto unknown complexity of a human intra-adrenal SPergic system by the demonstration of SP-ir neuron subpopulations with coexistent peptides DYN or CCK. and of another SP-ir subset of ncb containing NF triplet. This structural protein is generally used as a histochemical marker for autonomic neuronal populations with selective distribution of intermediate filament proteins (25, 26) .
Intra-adrenal neurons have been assumed to be derived from Table 3 . the sympathoadrenal cell lineage (22.27). This assumption is substantiated by the presence of the catecholamine synthesis enzymes TH (9) and DBH ( 2 8 ) in intramedullary neurons of rat. and of TH in human adrenal ncb as well (present study). Moreover. the neuronal connection between the adrenal gland and catecholaminergic sympathetic chain ganglia is well established (29). Postganglionic TH-ir neurons in human thoracic paravertebral ganglia coexpress VIP and CGRP (30). However, SP is immunohistochemically abh sent in postganglionic neurons of human sympathetic chain ganglia (30.31). although DYN or NF immunolabeling has been observed in such neurons (unpublished observations). According to the present findings, VIPor TH-ir nerve cells in the human adrenal medulla do not contain SP, and we did not detect any CGRP-ir adrenal nerve cells. For these reasons, in human, the origin of SP-ir intra-adrenal neurons from the sympathetic system seems unlikely. Evidence from chick-quail chimera studies suggests that, in addition to postganglionic sympathetic neurons, another neuron population may be derived from the brainstem neural crest at the site of the vagus anlage (22). These findings have been confirmed for mammals by tracing experiments from the guinea pig adrenal medulla, which revealed strongly labeled preganglionic cell bodies in the dorsal motor nucleus of the vagus of this species (12). Parasympathetic postganglionic neurons are known to be cholinergic, as also shown for vagal ganglia, e.g.. in the guinea pig heart (32). Indeed. some of the intra-adrenal nerve cells in various species were acetylcholine esterase (AChE)-positive (1.33) or, in guinea pig, were immunoreactive for the ACh-synthesizing enzyme choline acetyltransferase (ChAT) (15) . In guinea pigs, intracardiac AChE- positive nerve cells exhibited SP immunolabeling ( 3 2 ) and were also DYN-ir (34), suggesting the capacity of postganglionic vagal neurons for SP and/or DYN synthesis. Although respective data on human vagal ganglia are still missing, adrenal intrinsic SP-ir neurons with DYN as co-mediator can be suggested to be of postganglionic parasympathetic origin, receiving their preganglionic innervation from vagal nerve fibers. Parker et al. ( 1 ) noted that an extensive preganglionic parasympathetic innervation of the guinea pig adrenal correlated well with a particularly large number of intraadrenal neurons in this species (35). This may also apply to the human adrenal medulla, which contains a particularly large number of ncb.
Co-localization of marker immunoreactiviiies in substance P-immunoreactive (SP-ir) and subsiance P-nonreaciive (SP-non-ir) nerve cell rubpopulaiions in the human adrenal medulla"
Physiological studies of myenteric neurons suggested a common progenitor to sympathoadrenal-derived and enteric neurons (36,37), but a chemical relationship between adrenal and enteric neurons has not been investigated thus far. SP is a common constituent of neurons in the human myenteric and submucous plexus (38.39) that contain a wide range of neuroactive substances, including DYN (40), CCK (41), and NF (42,43). All of these peptides apparently are shared by neurons of the human adrenal medulla. It remains to be elucidated whether SP-positive medullary nerve cells may constitute a "third neuron" in adrenal innervation, as is the case for true enteric neurons (41).
The adrenal medulla is known to receive a remarkable sensory input (15, 16) . The celiac ganglion, another derivative of the thoracic sympathoadrenal neural crest, has been assumed to contain some primary sensory neurons (44), and hamster adrenal nerve cells in part exhibited a bipolar appearance (45). Hence, the intra-adrenal occurrence of peripherally migrated sensory neurons may be taken into account also, especially since SP is a common constituent of sensory neurons (17) . Moreover, SPlDYN and SPlCCK immunolabeling has been described in afferent neurons projecting to the human adrenal gland (16) . Howevcr, the derivation of the described SP-ir adrenal neuronal subsets from the sensory system remains dubious because CGRP, assumed to be a constant comediator of SP (17) and consequently present also in human SPlDYN-and SPECK-ir afferent neurons (16) , has not been detected at all in mammalian intra-adrenal ncb (15J6).
In a recent ultrastructural study, we have demonstrated SP-ir varicosities to be closely apposed to cortical cells and synaptically connected with chromaffin cells in human adrenal gland (16) . The present findings additionally suggest the association of SP-ir varicosities with a large proportion of human adrenomedullary neurons, as previously demonstrated in rat (14) . Adrenal neuronal peptides have been assumed to be involved in adrenal secretory functions that are under noncholinergic nerve control (46). Moreover, convincing evidence has been accumulated for a significant role of SPcontaining nerve fibers in the modulation of postganglionic neurons (47), adrenomedullary catecholamine release (48), and ACh action (49). particularly during stressful situations (50). SP-ergic intramedullary neurons with specific chemical characteristics in a highly differentiated manner may significantly contribute to this modulation. 
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